. ANG II exposure stimulated sodium-proton exchange and cytoplasmic calcium release to a similar extent in cells transfected with AT 1a R or AT 1a R-GFP; these responses were desensitized by prior exposure to ANG II and were sensitive to the AT 1 R blocker losartan. ANG II-driven internalization of AT 1a R-GFP in transfected CHO cells was demonstrated both by radioligand binding and by laser scanning confocal microscopy. Colocalization of GFP fluorescence with that of the nuclear stain TOTO-3 in confocal images was increased more than twofold after 1 h of ANG II exposure. We conclude that AT 1a R-GFP exhibits similar pharmacological behavior to that of the native AT 1a R. Our observations also support previous evidence for the presence of AT 1a R in the nucleus and suggest that the density of AT 1a R in the nucleus may be regulated by exposure to its ligand. green fluorescent protein; losartan; confocal microscopy; internalization
green fluorescent protein; losartan; confocal microscopy; internalization TRAFFICKING OF MANY G PROTEIN-COUPLED RECEPTORS (GPCRs) to and from the plasma membrane is fundamentally important to the regulation of the transduction of their signals. The AT 1 subtype of ANG II receptor is no exception. Previous studies from our group in vascular smooth muscle cells (VSMC), a major ANG II target tissue, have indicated that upregulation or downregulation of cell surface AT 1 receptor (AT 1 R) density is directly related to downstream signal intensity (27, 29, 30) . Therefore, there appears to be no "spare" AT 1 R in VSMC, and processes that cause net insertion or removal of AT 1 R from the membrane may be expected to affect directly the intensity of hormone action.
Engineering of green fluorescent protein (GFP), which confers luminescence on the jellyfish Aequoria victoria, to enhance its usefulness as an optical probe in mammalian cells has been pioneered over the past few years by Tsien and colleagues (25, 26) . Among many other applications, a number of functional GPCR-GFP fusion proteins have recently been reported (2, 3, 5, 6, 14, 15, 18, 20, 24) . These fusion proteins, whose movements can be observed within living cells by fluorescence microscopy, have begun to provide information about the trafficking of their cognate receptors that could previously be inferred only from indirect methods, or could not be obtained at all.
Present options for visualizing the intracellular distribution of the AT 1 R are limited. Anti-receptor antibodies, generally raised against synthetic peptide sequences, have been used by some groups for immunofluorescence studies, but these techniques can be used only in fixed and permeabilized cells or tissues. The availability of antisera is often limited, and their specificity in some cases may be open to question. Techniques that depend on ligand binding, such as the use of ANG II labeled with radionuclides (19) , gold particles (1), or fluorescent labels (10) have been primarily responsible for present knowledge of AT 1 R trafficking. Unfortunately, these techniques are intrinsically limited in their ability to provide real-time information about receptor movements and cannot be used to track unbound receptors.
To overcome these problems we constructed an expression vector for a rat ANG II type 1a receptor-green fluorescent protein (AT 1a R-GFP) fusion protein. The purpose of this study was to compare the functional characteristics of the fusion protein to that of the wild-type receptor from which it was derived. We also examined the subcellular distribution of the fusion protein after treatment of transfected cells with vehicle or ANG II.
MATERIALS AND METHODS

Construction of the expression vector for AT 1a R-GFP fusion protein.
The plasmid pCa18b, containing the rat AT 1a R cDNA (17) was kindly provided by Dr. Kenneth E. Bernstein, Emory University. A set of PCR primers (tctgagaccaactcaacccag, ctccacctcaaaacaagacgcag) was designed to amplify the coding region of AT 1a R from pCa18b. The PCR product was cloned into pCR II-Topo (Invitrogen, Carlsbad, CA). The insert was excised by Xho 1/BamH 1 digestion and subcloned into the expression vector pEGFP-N3 [enhanced GFP (EGFP); Clontech Laboratories, Palo Alto, CA] to form the expression construct for AT 1a R-GFP. pEGFP-N3 encodes a red-shifted variant of wild-type GFP which has been optimized for higher expression in mammalian cells. An AT 1a R expression construct was generated by ligating an Hind III/ Xba fragment from pCa18b into the expression vector pcDNA3.1(ϩ) (Invitrogen). The fidelity of both expression vectors to the AT 1a R was verified by sequencing.
Transient and stable transfection. Transfection was carried out by using FuGene 6 transfection reagent (GIBCO-BRL, Grand Island, NY), using 10 g of plasmid DNA in 3 l of transfection reagent per 75-cm 2 flask to treat Chinese hamster ovary (CHO)-K1 cells (American Type Culture Collection, Bethesda, MD) at 60% confluence. The transfection mixture remained in the media for 24 h until trypsinization of cells for seeding onto appropriate experimental culture plates or coverslips. pEGFP-N3 contains a neomycin resistance gene. Individual lines that stably expressed AT 1a R-GFP were obtained by selection with G418 (1 mg/ml) and limited dilution. Transient transfections were used for experiments involving direct comparison of AT 1a R and AT 1a R-GFP and also for imaging because the GFP signal was generally superior in transiently transfected cells. Stable AT 1a R-GFPexpressing lines were used for radioligand binding, and signaling measurements in experiments in which direct comparison with AT 1a R (e.g., Fig. 2 below) were not considered useful.
Radioligand binding. Binding experiments were performed on intact, stably transfected confluent cells in 12-well plates as previously described (28) . The binding buffer consisted of 50 mM Tris, 100 mM NaCl, 5 mM KCl, 5 mM MgCl 2, 0.25% bovine serum albumin, and 0.5 mg/ml bacitracin (pH 7.4).
125 I-ANG II (20 fmol) was added to all wells, and unlabeled ANG II was added to appropriate wells for competition and determination of nonspecific binding. Incubation at 4°C was carried out for 90 min to obtain surface binding equilibrium. Cell monolayers were then washed three times with ice-cold saline, solubilized with 0.1% sodium dodecyl sulfate-0.1 N NaOH and counted for gamma radioactivity. For measurement of agonist-dependent receptor internalization, cells were exposed to ANG II at 37°C for the indicated period and then chilled to 4°C for 5-min exposure to acid glycine buffer (50 mM glycine, 150 mM NaCl, pH 3) to dissociate ligand from cell surface receptors, according to the method previously established for vascular smooth muscle cells in our laboratory (28) . After washing three times with ice-cold binding buffer, radioligand binding was then carried out as described above.
To measure changes in radioligand binding on exposure to guanine nucleotide analog, GTP-␥-S, radioligand binding studies were performed in crude membrane preparations. Cells were grown and transfected in 10-cm petri dishes. After washing twice with PBS, cells were scraped in 10 ml ice-cold PBS, transferred to centrifuge tubes, and centrifuged at 1,200 g for 5 min. The pellet was resuspended in homogenization buffer (5 mM Tris ⅐ Hcl, 1 mM MgCl 2 , 100 g/ml bacitracin, 10 M phenylmethylsulfonyl fluoride, pH 7.4) and homogenized for 20 s in a Polytron (Brinkmann Instruments). The homogenate was centrifuged at 200 g for 2 min to remove unbroken cells and nuclei, and the supernatant was centrifuged at 38,000 g for 10 min before resuspension of the pellet in binding buffer. Radioligand binding was carried out by using 20 fmol of 125 I-ANG II, 50 g of membrane protein per ml buffer, and specified concentrations of GTP-␥-S at room temperature for 90 min.
Microphysiometry. The method for determination of Na ϩ /H ϩ exchange activity by measuring the rate of decrease in extracellular pH by using a Cytosensor microphysiometer (Molecular Devices, Sunnyvale, CA) has been established in our laboratory (8) . The Cytosensor is capable of measuring proton efflux from relatively small numbers of living cells grown on permeable supports in close proximity to the specialized solid-state pH-sensing elements of the device. The cells are bathed in a small volume of continuously flowing supernatant whose composition can be switched to add drugs or hormones at any point during the experiment. CHO-K1 cells were transfected at 60% confluence, trypsinized 24 h later, and seeded onto porous 3-m polycarbonate membranes at a density of 300,000 cells/insert. The next day, the inserts were mounted in the microphysiometer and proton efflux measurements were obtained in the presence and absence of ANG II and various other compounds.
Fluorometric Imaging Plate Reader analysis of calcium transients. The Fluorometric Imaging Plate Reader (FLIPR; Molecular Devices) is a high-throughput optical screening tool for cell-based fluorometric assays (21) . The FLIPR records transient optical signals (such as those produced by intracellular calcium-sensitive fluorescent dyes) from cells cultured in 96-well plates. All wells can be monitored simultaneously at sampling intervals of 1 s or less for each well. The night before assay, cells that had been transfected 24 h earlier were seeded into the 96-well clear-bottom black plates (Corning Costar, Cambridge, MA), at a density of 60,000 cells/well, by using 150 l of F12 medium supplemented with 10% fetal bovine serum (FBS). Before the FLIPR analyses, cells were incubated with 5 M fluo-3 (Molecular Probes, Eugene, OR) in dye loading buffer (Hanks' buffered saline solution pH 7.4, containing 20 mM HEPES, 2.5 mM probenecid, 1% FBS) for 1 h in the cell culture incubator. Fluo-3 was reconstituted at 2 mM in DMSO. A 25-l aliquot was mixed with 20% pluoronic acid, and then with the dye loading buffer. Cells were washed at least four times and exposed to test reagents dissolved in dye loading buffer. When an antagonist was tested, cells were exposed to the antagonist for 10 min before agonist was added.
Measurement of inositol phosphate generation in response to ANG II. Cells in six-well plates were incubated with 5-10 Ci myo- [2- 3 H]inositol ⅐ 2 ml Ϫ1 ⅐ well Ϫ1 in inositol-deficient growth medium for 24 h. Preliminary studies revealed that steady-state uptake of [ 3 H]myo-inositol occurred after 24 h and ranged from 100,000 to 500,000 counts ⅐ min Ϫ1 ⅐ well Ϫ1 . After cells were washed free of unincorporated [ change resin (Bio-Rad, Richmond, CA) at room temperature. Radioactivity elutable with water and with borax (5 mM sodium borate and 60 mM sodium formate) was discarded. Total inositol phosphates were eluted with 12 ml of 1.0 M ammonium formate in 0.1 M formic acid, and 2-ml aliquots were counted in a scintillation counter.
Confocal microscopy and image analysis. Transfected cells were fixed with 4% formaldehyde at room temperature for 20 min, unless otherwise noted. Tetramethylrhodamine-concanavalin A (rhodamine-Con A; Molecular Probes) was used to label the cell surface in some experiments. Cells were incubated with 10 g/ml rhodamine-Con A at 4°C in PBS and washed with ice-cold PBS four times before fixation. For staining with the nuclear dye TOTO-3 (Molecular Probes), cells were washed three times with PBS and incubated with 0.5% Triton X-100 and 5 M TOTO-3 in PBS at room temperature for 30 min. They were then washed four times with PBS before fixation.
Microscopic images were acquired by using an Olympus microscope workstation equipped with a laser scanning confocal unit (Onchrome, Chino, CA), 15-mW krypton and argon lasers, and a ϫ63 Plan Apochromat/1.4 NA or ϫ40 Plan Neofluor/1.3 NA oil immersion objective. GFP fluorescence was excited by using the 488-nm argon laser emission line and collected using a standard fluorescein isothiocyanate filter set (530 Ϯ 30 nm). Rhodamine-Con A was excited at 568 nm with the krypton laser, and images were collected with a 605-nm bandpass filter. TOTO-3 was excited with 647-nm krypton laser emission, and images were acquired with a 700-nm bandpass filter.
For image analysis the images (originally 8 bits/pixel) were binarized, with a threshold intensity for positivity of 50% of the dynamic range of the whole image. Images of four separate experiments by using AT 1a R-GFP-transfected CHO cells were analyzed with the proprietary software of the microscope workstation (ULTRAVIEW, Olympus America). In http://ajprenal.physiology.org/ each experiment two to seven coverslips were incubated with 100 nM ANG II and the same number with vehicle for 1 h before fixation with formaldehyde. Nonoverlapping fields of cells, each containing a minimum of 4 and median of 11 GFP-expressing cells, were randomly selected from each coverslip for pixel counts. By using the same criteria, fields of control cells were selected from each of eight coverslips of vehicle and ANG II-treated cells were transfected with pEGFP-N3 alone.
Data analysis. Error bars in all data presented portray the SE. Statistical compilation and hypothesis testing was performed with commercial microcomputer software (StatView, Brainpower, Sepulveda, CA).
RESULTS
Figure 1 (left) shows that the fusion protein can be readily visualized within transiently transfected cells by using fluorescence microscopy. In AT 1a R-GFPtransfected cells, fluorescent signal was much more prominent within the cytoplasm than the nucleus, although a fluorescent rim around the nucleus, perhaps representing the nuclear membrane, was visible in the majority of cells. There was no particular preferential distribution of the fusion protein to the plasma membrane. In many CHO cells, fluorescence appeared to cluster in a cytoplasmic area adjacent to the nucleus, which may represent the Golgi apparatus. Cells transfected with GFP alone also showed cytoplasmic but not nuclear fluorescence (Fig. 1, right) .
All of the data in Fig. 2 was obtained from CHO cells stably transfected with AT 1a R-GFP. Figure 2A summarizes the 125 I-ANG II binding results. Specific and saturable binding of 125 I-ANG II to AT 1a R-GFP was demonstrated by competition for binding with unlabeled ANG II. Total binding was ϳ1%, and nonspecific binding was Ͻ0.3% of added counts. Curve fitting of these data (4-parameter weighted fitting by using the computer program SigmaPlot, Jandel Scientific, La Jolla, CA) indicates an apparent dissociation constant (K d ) of 21 nM. The apparent K d was somewhat higher than the apparent K d of 2-4 nM for the native AT 1a R observed in previous studies in our laboratory by using rat aortic VSMC (28) . Nevertheless, interaction with ANG II concentrations in physiologically meaningful ranges appears to be preserved in AT 1a R-GFP.
To obtain the data summarized in Fig. 2B , membranes from cells transfected with AT 1a R-GFP were treated with various concentrations of the nonhydrolyzable GTP-␥-S. Normally, the dissociation of the G protein from the receptor that follows G protein activation causes a decrease in the binding affinity of the AT 1 R for its ligand (9) . This behavior was preserved in AT 1a R-GFP, suggesting at least some degree of intact G protein interaction with the fusion protein. In VSMC, the AT 1a R is coupled via G q to phospholipase C activation, which releases inositol phosphates from membrane phospholipids (29) . Figure 2C summarizes our measurements of the stimulation of inositol phosphate turnover by AT 1a R-GFP. The concentration-dependent stimulation of inositol phosphate release by ANG II is also consistent with intact G protein coupling to AT 1a R-GFP. Figure 3 demonstrates that the calcium signals associated with ANG II stimulation of transiently AT 1a R-GFP and AT 1a R-transfected CHO cells are similar in amplitude, shape, and duration. To generate Fig. 4 , concentration-response relationships of AT 1a R-and AT 1a R-GFP-transfected CHO cells to ANG II and losartan were compiled from intracellular calcium peaks recorded with the FLIPR in individual wells of cells. Consistent with the binding data, AT 1a R appeared to have a slightly higher sensitivity than AT 1a R-GFP to very low concentrations of ANG II, e.g., 0.1 nM. However, the overall concentration-response relationships of the two receptors, as well as their ability to be blocked by losartan, were otherwise very similar.
Another prominent effect of ANG II on many target cells is intracellular alkalinization that is consequent on activation of sodium-hydrogen exchange (31). We measured proton efflux from AT 1a R-GFP transfected CHO cells by using the Cytosensor microphysiometer. We found that ANG II-stimulated proton efflux in AT 1a R-GFP-transfected cells could be abolished either by excess losartan or by blockade of sodium-hydrogen exchange with ethyl isopropyl amiloride (Fig. 5A) . The potency and efficacy of ANG II to stimulate proton efflux was similar in these cells and in cells transfected with AT 1a R alone (Fig. 5B) . Desensitization is a prominent pharmacological characteristic of the AT 1a R. Figure 6 indicates that this is also a characteristic of AT 1a R-GFP. Cells transfected with AT 1a R or AT 1a R-GFP, and loaded with fluo-3, were examined with the FLIPR in 96-well plates. AT 1a R and AT 1a R-GFP demonstrated indistinguishable desensitization of intracellular calcium responses after prior exposure to ANG II. We have also observed desensitization and recovery of the proton efflux response to ANG II on the Cytosensor, which was similar in AT 1a R-GFP-and AT 1a R-transfected cells (data not shown).
The above data indicate that the addition of the GFP moiety to the COOH terminus of the AT 1a R 1) resulted in a fusion protein which can be readily expressed and visualized and 2) did not alter any of the functional activities of the receptor that we examined to any significant extent. These findings are necessary, but not sufficient, to establish the usefulness of the fusion protein to study AT 1 R receptor kinetics within the cell. The native AT 1a R is known from ligand binding studies to undergo sequestration from the plasma membrane into intracellular compartments after exposure to its ligand in both VSMC and in transfected COS cells (12, 28) . Consequently, we tested whether AT 1a R-GFP membrane trafficking could be similarly regulated. Figure 7 illustrates the effect of prior incubation with ANG II to downregulate cell surface binding of 125 I-ANG II in a CHO cell line stably transfected with AT 1a R-GFP. Acid washing in glycine buffer (pH 3.0) was used to remove bound ANG II before radioligand binding (28) . The data are expressed as percent of specific binding to control cells, which were also acidwashed but were exposed to vehicle rather than ANG II. The results indicate a reduction by ϳ60% in cell surface ANG II binding, consistent with agonist-dependent internalization of AT 1a R-GFP.
To obtain Fig. 8 , GFP-transfected CHO cells were treated with vehicle or 100 nM ANG II for 30 min before fixation. Rhodamine-Con A, a plant lectin that binds glycoproteins, was then applied and washed off (see MATERIALS AND METHODS). Because the cells were not permeabilized, the rhodamine-Con A adhered to plasma membrane proteins and was used as a specific fluorescent label for this compartment (23) . Confocal images of fixed cells were then acquired by using the argon laser (488 nm) and the fluorescein filter set for GFP, and the krypton laser (568 nm) and rhodamine filter set for Con A. The images shown in Fig. 9 were constructed by superimposing the confocal GFP and rhodamine images on the phase contrast image of the same field. Localization of AT 1a R-GFP to the plasma membrane is indicated by a yellow signal in vehicletreated cells (left), resulting from superimposed red and green label. In cells treated with ANG II (right), plasma membrane GFP signal was relatively diminished, and GFP signal was seen in the center of many cells. This shift of GFP signal from the plasma membrane to the interior of the treated cells represents visual confirmation of significant internalization of AT 1a R-GFP after 30 min of exposure to ANG II, compared with vehicle-treated control.
Our experiments in rhodamine-Con A-labeled cells suggested that AT 1a R-GFP was being relocated to a nuclear or perinuclear compartment on ANG II exposure. To examine this finding in more detail, we counterstained the nuclei of fixed, transiently AT 1a R-GFPtransfected CHO cells with the nucleic acid stain TOTO-3 iodide (Molecular Probes), a dye that has its excitation and emission peaks at much longer wavelengths than GFP. The images in Fig. 9 (A and B) were Figure 9 (bottom left) was generated by counting superimposed GFP-positive and TOTO-3-positive pixels in low-power fields containing GFP-expressing cells, chosen at random from four replicate experiments. Results are expressed as a percentage of total GFP-positive pixels. The results indicate a greater than twofold and statistically significant increase in GFP fluorescence within nuclei. Cells transfected with GFP alone (Fig. 9 , bottom right) demonstrated lower basal colocalization of GFP and TOTO-3 fluorescence, with no change in this parameter after ANG II treatment.
DISCUSSION
We found that the functional characteristics of AT 1a R-GFP were similar to those of the native AT 1a R in all of the parameters we examined, including ligand binding, response to agonist/antagonist, G protein coupling, activation of signal transduction pathways, and desensitization. AT 1a R-GFP was readily visualized in transfected cells and was visibly internalized after exposure of these cells to ANG II. Its GFP moiety produced a fluorescent signal that was readily separable from that of rhodamine and TOTO-3, which enabled us to use these red dyes to separately label cell membranes and nuclei. AT 1a R-GFP was specifically detected by immunoblotting with a readily available commercial antiserum to GFP, which should facilitate immunoprecipitation experiments (data not shown). In addition, incorporation of GFP should allow flow cytometric analysis of receptor expression and facilitate fluorescence-activated cell sorting of cells based on fusion protein expression levels, although these applications were not specifically tested in the present study.
Although the intracellular COOH terminus of the AT 1 R is relatively short, site-directed mutagenesis studies of the AT 1 R have assigned several important functions of the receptor to this domain. For example, a short sequence within this region, containing a cluster of serine and threonine residues (T332-S338) is a site of ligand-dependent phosphorylation that is cru- cial for receptor internalization (13) . Tail-deletion mutants of AT 1 R demonstrate impaired desensitization (11) . It is somewhat surprising, therefore, that concatenation of the 26-kDa GFP to the COOH terminus of the AT 1a R results in a receptor that is similar to the wild-type in its internalization and desensitization responses. Nevertheless, the GFP moiety has been attached to the COOH-terminus of the receptor in all the functional G protein-coupled receptor-GFP fusion proteins reported to date. In one report, attempted attachment of GFP to the NH 2 terminus of the cholecystokinin receptor resulted in lack of expression, while GFP attachment to the other end of the receptor resulted in high expression of a functional product (23) . Thus despite its proximity to the COOH-terminal domains of wild-type G protein-coupled receptors in the primary structure of the fusion proteins, the presence of the relatively bulky GFP has not necessarily hindered the functional performance of these domains.
One intriguing finding of the present studies was the suggestion of increased nuclear localization of AT 1a R-GFP after ligand stimulation (Figs. 8 and 9 ). We doubt that the finding represents a fixation artifact, because such artifacts should have affected ANG II-treated and untreated cells equally. It is conceivable that the GFP moiety rather than the AT 1 R moeity of the fusion protein somehow targets AT 1a R-GFP to the nucleus. By using other commercially available GFP expression vectors, our group has observed preferential localization of fluorescent signal within the nuclei of the same CHO cell line used for the present experiments (T. Pettus and J. Raymond, unpublished observations). However, in the present study our control transfections with the pEGFP-N3 expression vector alone produced little GFP fluorescence within the nuclei. Presumably, sequence variations among various GFP expression vectors may result in the generation of nuclear localization signals in some variants but not others.
If the GFP domain of the fusion protein did not target the construct to the nucleus, the most parsimonious conclusion is that the AT 1a R sequence did. There is considerable precedent from other studies to suspect functional nuclear localization of some ANG II receptors. For example, specific 125 I-ANG II binding sites have been detected in isolated hepatocyte nuclei (4, 22) . Furthermore, treatment of isolated hepatocyte nuclei with ANG II has been reported to induce renin and angiotensinogen mRNA (7) . Radiolabeled ANG II was reported many years ago to appear rapidly within vascular smooth muscle and cardiac muscle cell nuclei of animals injected intravenously with this compound (19) . Of more direct relevance to the present findings, ligand-induced targeting of AT 1 R immunoreactivity to the nucleus has recently been reported in cultured rat neurons by Lu and colleagues (16) . These investigators observed an increase in nuclear AT 1 R immunoreactivity within 15 min after ANG II stimulation and identified a putative nuclear localization sequence in the COOH-terminal tail of AT 1 R.
In summary, AT 1a R-GFP appears to be a promising new tool for investigation of the cellular kinetics of the AT 1a R, with the potential to overcome many limitations of traditional radioligand binding and immunofluorescence techniques. In particular, the intrinsic fluorescence of GFP should make AT 1a R-GFP, like other GFP fusion proteins, a vehicle for investigation of the movement of receptors in real time within living cells. The initial observations of fixed cells reported here show that GFP signal appeared within nuclei after exposure of AT 1a R-GFP-transfected cells to ANG II. Our findings lend additional support, therefore, to previous suggestions that ANG II receptors and/or their ligand can appear in the nucleus. However, the present findings do not provide evidence either for or against agonist-dependent translocation of receptors specifically from the plasma membrane to the nucleus, which presumably would be required for a direct effect of the ligand-stimulated or ligand-bound AT 1a R on gene expression. Serial observations of agonist-dependent trafficking of AT 1a R-GFP in living cells should be capable of determining more about the intracellular compartment of origin of receptors that wind up in the nucleus.
